Understanding the process of divergence requires the quantitative characterization of patterns of gene flow between diverging taxa. New and powerful coalescent-based methods give insight into these processes in unprecedented details by enabling the reconstruction of the temporal distribution of past gene flow. Here, we use sequence variation at eight nuclear markers and mitochondrial DNA (mtDNA) in multiple populations to study diversity, divergence, and gene flow between two subspecies of a salamander, the smooth newt (Lissotriton vulgaris kosswigi and Lissotriton vulgaris vulgaris) in Turkey. The ranges of both subspecies encompass mainly the areas of this important glacial refugial area. Populations in refugia where species have been present for a long time and differentiated in situ should better preserve the record of past gene flow than young populations in postglacial expansion areas. Sequence diversity in both subspecies was substantial (nuclear p sil 5 0.69% and 1.31%). We detected long-term demographic stability in these refugial populations with large effective population sizes (N e ) of the order of 1.5-3 Â 10 5 individuals. Gene trees and the isolation with migration (IM) analysis complemented by tests of nested IM models showed that despite deep, prePleistocene divergence of the studied newts, asymmetric introgression from vulgaris to kosswigi has occurred, with signatures of recent gene flow in mtDNA and an anonymous nuclear marker, and evidence for more ancient introgression in nuclear introns. The distribution of migration times raises the intriguing possibility that even the initial divergence may have occurred in the face of gene flow.
Introduction
One of the long-standing questions in evolutionary biology is how populations diverge over space and time and form distinct species (Coyne and Orr 2004) . At one extreme, there are situations in which descendent populations differentiated in full isolation (approximated by the isolation model), at the other, a constant gene flow could have occurred between diverging populations (the migration model) (Hey 2006) . It is increasingly appreciated, however, that these two extremes are linked via a continuum of intermediate situations where gene flow may be restricted temporally, spatially, and may occur in some parts of the genome but not in others (Wu and Ting 2004; Mallet 2007; Yatabe et al. 2007) . Therefore, an understanding of the process of divergence, and ultimately speciation, requires the quantitative characterization of patterns of gene flow, particularly the temporal distribution of migration events (Won and Hey 2005; Niemiller et al. 2008; Strasburg and Rieseberg 2008) . Recently developed models of divergence with gene flow or isolation with migration (Nielsen and Wakeley 2001; Hey 2005; Hey and Nielsen 2007) provide extremely powerful tools for the study of divergence processes and provide quantitative assessments. These methods stem from the observation that under different divergence scenarios the expected patterns of differentiation observed in the genomes of diverging populations or taxa differ, making it possible to test hypotheses on patterns of gene flow (Nielsen and Wakeley 2001; .
However, the histories of various parts of the genome may be dramatically discordant. First, stochasticity inherent to the coalescent process produces large variance in the depth of genealogies, even for neutrally evolving loci. This historical legacy, through the process of incomplete lineage sorting, may result in discordance between gene trees and population/species trees even in the absence of gene flow (Edwards and Beerli 2000; Hudson and Turelli 2003) . Second, parts of the genome can experience distinct levels of gene flow depending on the strength of selection counteracting genetic exchange in particular genomic regions (Wu and Ting 2004; Baack and Rieseberg 2007) . Distinguishing between lineage sorting and introgression, although possible, may be difficult in principle and in practice and requires genealogical information from multiple unlinked loci. Coalescent-based multilocus approaches enable the simultaneous estimation of multiple parameters of interest including divergence time, rates of historical gene flow, and effective population sizes explicitly considering genealogical information and taking into account uncertainty related to the genealogy estimation (Becquet and Przeworski 2007; Hey and Nielsen 2007; Kuhner and Smith 2007) .
The application of the multilocus approach in the study of divergence, speciation, and historical demography in closely related species or differentiated populations has been heavily biased toward a privileged handful of species such as Drosophila (Machado et al. 2002; or humans and other primates (Hey 2005; Won and Hey 2005; Thalmann et al. 2007) . So far, the divergence population genetics of nonmodel species has received little attention, even among vertebrates (e.g., Dolman and Moritz 2006; Niemiller et al. 2008) .
In the present study, we investigated the divergence population genetics of a salamander, the smooth newt (Lissotriton vulgaris), in Turkey. We emphasized the quantitative characterization of historical and contemporary gene flow between two subspecies in Turkey: Lissotriton vulgaris vulgaris and Lissotriton vulgaris kosswigi (further vulgaris and kosswigi, respectively), which differ strikingly in male epigamic traits. Both subspecies occur parapatrically in western Turkey, one of the putative glacial refugia of this species. The distribution of kosswigi is restricted to the southern coast of the Black Sea near the Bosphorus, whereas vulgaris has a broader distribution in Europe including both formerly glaciated and unglaciated regions and is genetically highly differentiated across its range (W. Babik et al. 2005) . However, vulgaris in Turkey (also referred to as separate subspecies Lissotriton vulgaris schmidtlerorum, Schmidtler and Franzen 2004) has been shown to comprise a distinct and ancient mitochondrial DNA (mtDNA) clade indicative of a long and idiosyncratic history, substantiating the treatment of Turkish populations as a separate group. This mtDNA clade extends further to Bulgaria (W. Babik, unpublished data), effectively preventing contact of kosswigi with any other lineage of L. vulgaris. MtDNA sequence data suggest pre-Pleistocene divergence of kosswigi and vulgaris (Babik et al. 2005) .
The limited ranges of both subspecies encompass mainly the areas of the postulated glacial refugia. Areas in which species were constantly present during long periods of unfavorable climatic conditions during the Pleistocene are of special interest for analyses of population differentiation and speciation because they harbor particularly diverse and in many cases divergent populations (Hewitt 2004; Martinez-Solano et al. 2006; Gómez and Lunt 2007) . Therefore, it is less likely that dramatic range and demographic changes caused by extinction-recolonization cycles driven by the Pleistocene climatic oscillations would have erased the record of processes that have occurred since the initial divergence. In particular, diverging populations in these areas should better reflect historical gene flow, because introgressed variants should have had more time to spread over broad areas (Hofreiter et al. 2004 ). The apparent long-term occurrence of both subspecies at the southern fringe of the L. vulgaris distribution indicates that they could have differentiated in situ and leads to the testable hypothesis that their differentiation had indeed occurred in the face of gene flow.
We characterized sequence variation at nine loci and applied coalescent-based methods to investigate the patterns of differentiation in various parts of the genome of Turkish populations of the smooth newt. We were particularly interested in testing the symmetry of gene flow and temporal distribution of migration as such data enable us to address the hypothesis that differentiation of these newts has occurred in the face of gene flow and provide a quantitative picture of their divergence. We also describe multilocus nucleotide diversity within and between subspecies, assess genetic structure of populations and reconstruct historical demography.
Materials and Methods Sampling
We collected tail tips of adult or larval newts from 20 populations of vulgaris (213 individuals) and from 6 populations of kosswigi (52 individuals) spanning the entire ranges of both subspecies in Turkey ( fig.1 , supplementary table S1, Supplementary Material online).
Laboratory Analyses
One mtDNA fragment and eight nuclear loci were amplified and sequenced (table 1) . Details of laboratory procedures are given in online Supplementary Materials. Haplotypes were inferred using Clark's (1990) method where haplotypes identified in homozygous individuals are subtracted from heterozygotes to reveal the sequence of the other allele. In cases where no reliable inference was possible and for polymerase chain reaction (PCR) products heterozygous with respect to indels, specific primers were designed to amplify and sequence individual alleles. A few particularly difficult samples were cloned. We sequenced from 4 to 10 clones per PCR product.
Nucleotide Diversity and Phylogenetic Analyses
Standard population genetic analyses of the sequence polymorphism were performed using DnaSP (Rozas et al. 2003) and MEGA4 (Tamura et al. 2007 ). Indels were (Minin et al. 2003 ) was used to select models of sequence evolution for individual loci. Using these models, we constructed maximum likelihood trees with PHYML 2.4.4 (Guindon and Gascuel 2003) and assessed their robustness with 1,000 bootstrap (BS) replicates. Bayesian phylogenetic trees were constructed with MrBayes 3.1 (Ronquist and Huelsenbeck 2003) . Two independent runs of four Metropolis Coupled Monte Carlo Markov Chains each (three of them ''heated,'' temperature 5 0.20) were run for 1.1 Â 10 6 generations and sampled every 1,000 generations. The first 100 trees were discarded as burn-in, resulting in 2,000 sampled trees. To calculate the posterior probability (PP) of each bipartition, the majority-rule consensus tree was computed from the 2,000 sampled trees.
Testing Assumptions of the IM Model
Isolation with migration models of divergence (IM and IMa) assume that a single ancestral population split into two descendent populations t generations ago and since then the populations may have, or may have not, been subject to gene exchange . The method uses Markov chain Monte Carlo (MCMC) sampling of gene genealogies to estimate PP distributions of six parameters: mutation-scaled effective population sizes of the ancestral (H A ) and the descendant populations (H 1 and H 2 ), rates of migration in either direction (m 1 and m 2 ), and the time of divergence (t).
The models were derived under several assumptions Nielsen 2004, 2007) . Because almost every empirical data set is likely to violate some of them, testing assumptions of a model is always desirable and when violations are detected, their possible impact on the results should be discussed. In our opinion, the assumption of the lack of population structure on the inferences under IM models requires some comments.
A general tool for studying subdivided populations is the structured coalescent (Notohara 1990; WilkinsonHerbots 1998) , which needs to be applied when migration rates fall below the reciprocal of the deme size (Wakeley and Aliacar 2001; Charlesworth et al. 2003) . The generality of the structured coalescent comes at the cost of its high complexity making it analytically intractable in all but the simplest cases and necessitates the use of custom simulations (e.g., Knowles and Carstens 2007) , conditioned on many often unknown parameters (Charlesworth et al. 2003) . These difficulties prompted interest in investigating the conditions in which standard coalescent approximation may be applied to study cases with nonnegligible population structure (Charlesworth et al. 2003) . In a series of papers, Wakeley and colleagues (Wakeley 1999 (Wakeley , 2000 (Wakeley , 2001 (Wakeley , 2004 Wakeley and Aliacar 2001) have shown that the standard coalescent emerges in a broad class of metapopulation models provided that the number of demes is high. This is because the genealogy of the sample can be divided into a short scattering phase (when no mutations occur) at the end of which each ancestral lineage finds itself in a different deme, and a much longer collecting phase, which dominates the history of the sample and which is described by the standard coalescent process, because ancestral lineages become exchangeable. However, the rate of this process is determined by the rescaled, metapopulation effective population size (N e ) that depends on several factors, particularly the rate of among-deme migration. The effects of these parameters cannot be separated (Wakeley 2001) . The complex relationship between N e and population subdivision (Whitlock and Barton 1997; Wakeley 2000; Charlesworth et al. 2003 ) makes researchers reluctant to interpret ''distorted'' N e estimates (Niemiller et al. 2008 ). However, if we consider the evolutionary history of a metapopulation or, even more generally, of a group of populations connected by appreciable migration, precisely this composite N e is of interest because it determines the rate of neutral processes (Charlesworth et al. 2003) .
In the following paragraphs, we describe the procedures used to test assumptions of the IMa model.
Lack of Substantial Population Structure
Sequence variation was partitioned into between subspecies, among populations within subspecies, and within-population components with the analysis of molecular variance (AMOVA) in Arlequin (Excoffier at al. 2005) . Population differentiation was also investigated by estimating K ST * (Hudson et al. 1992 ) and the nearest neighbor statistic S nn (Hudson 2000 ) using Hudson's programs (http:// home.uchicago.edu/;rhudson1/); pairwise statistics were calculated for vulgaris and kosswigi as well as for each pair of sampled populations. The significance of the AMOVA components and values of K ST * and S nn were tested with 10,000 permutations. Tajima's (1989) and Fu and Li's (1993) D tests were performed with DnaSP for both subspecies and for each population separately. We also performed multilocus Tajima D tests at the subspecies and population level using the HKA program (http://lifesci.rutgers.edu/;heylab/ heylabsoftware.htm#HKA). McDonald-Kreitman (M-K; McDonald and Kreitman 1991) and heterogeneity tests (Hahn et al. 2002) were used to search for departures from neutrality in coding loci. The latter is based on the assumption that selection and demography have different effects on synonymous and nonsynonymous polymorphisms and is a simple modification of standard D tests. To examine whether sequence polymorphism within and sequence divergence between subspecies are correlated, a multilocus Hudson-Kreitman-Aguadé (HKA) test (Hudson et al. 1987 ) was conducted in the HKA program using all sequences from both subspecies. It should be noted that purifying selection does not pose a problem for the IM modelbecause effectively it only decreases the overall mutation rate. On the other hand, directional and balancing selection invalidate inference under the IM model.
No Selection
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No Recombination within Loci
The minimum number of recombination events (R min ) was estimated based on the four-gamete criterion, whereas the population recombination parameter q 5 4N e r, where r is the per-locus recombination, was computed with the composite likelihood method (Hudson 2001) . Both statistics are implemented in LDhat 2.0 . In cases when recombination within loci is detected, it is common practice to extract maximally informative blocks of nonrecombining sequences for individual markers and use them in the analysis; we used the IMgc program for this purpose (Woerner et al. 2007 ).
Demographic Stability
An additional assumption of the IMa model is the demographic stability of diverging populations (Hey and Nielsen 2007) . In order to test for signals of demographic growth/ shrinkage, we estimated the exponential growth rate (g) with the Bayesian version of Lamarc (Kuhner and Smith 2007) . Separate analyses for vulgaris and kosswigi were performed on recombination-filtered data (see above) and on several partial data sets. The subsets were distinguished to check whether different sampling scheme and population structure influence the estimates. The first data subset included two sequences randomly sampled per population per locus. To create the second data subset, we excluded mtDNA and randomly sampled two sequences per population per nuclear locus. In the third data subset, the most distinct samples from kosswigi (Alemdar, pop 24) and vulgaris (Kes xan, pop 20) were treated as separate populations. We ran long chains of 1-2 million steps sampled every 10th step after discarding the first 10,000 steps as burn-in for each data subset. We ran the program multiple times with different seed numbers to check for consistency of estimates.
IMa Analysis
The estimation of demographic parameters, migration rates as well as number and times of migration events was carried out with the IMa program (Hey and Nielsen 2007) . In contrast to previous versions (IM, , demographic parameters are not included in the MCMC and are integrated out analytically; thus, IMa has better mixing properties.
IMa analyses were performed on partial data sets. It is reasonable to perform coalescent analyses on smaller data subsets because increasing sample sizes does not usually improve parameter estimates while considerably increasing computational burden. To evaluate the effect of different sampling schemes and various levels of population structure on parameter estimates, we analyzed several subsets of the data. First, we randomly sampled two sequences per locus from ''each locality'' creating species-wide samples. Second, we randomly sampled 15 sequences from ''each subspecies.'' Third, we sampled just one sequence per locus from each locality. Each sampling procedure was repeated at least twice. We also performed analysis with only nuclear loci (species wide samples). Analyses assuming no migration between populations were performed on three data sets: 1) with all markers with two sequences sampled per locus from each locality, 2) with nuclear loci, and 3) with species wide samples excluding markers having signatures of recent introgression (mtDNA and Tva4). Additional IMa analyses were performed to assess the possible effect of nonnegligible genetic structure within both subspecies on estimates of the model parameters. The following four groups were distinguished on the basis of pairwise K ST *: 1) all vulgaris populations except Kes xan, 2) all kosswigi populations except Alemdar, 3) Kes xan (pop 20), and 4) Alemdar (pop 24).
In order to obtain reliable estimates of population parameters, we designed IMa runs differing in heating schemes and number of chains (up to 200). We used a geometric heating scheme and a burn-in of 100,000 steps and run MCMC under the HKY model of sequence evolution. Theta scalars and maximum values for time of population splitting and migration rates were chosen experimentally by monitoring ASCII curves. The total number of genealogies saved during each run varied between 10,000 (runs of 1 million steps) and 100,000 (runs of 10 million steps). We checked the mixing properties of MCMC by monitoring effective sample size (ESS) values of parameter t, trend-line plots of the parameter, and swapping rates between chains. Long, well mixing runs were repeated at least twice with different random seed numbers. If these independent runs generated similar posterior distributions, we considered analyses to have converged on a stationary distribution.
Estimating Mutation Rates
Because both splitting time and effective population size parameters are given in mutational units, estimates of the absolute mutation rates for individual loci are needed to convert these into years and number of individuals. To this end, we estimated mutation rates as follows: Divergence times between the smooth newt and other newt species were derived by applying two calibrations. First, we used three fossil-based calibration points given by Steinfartz et al. (2007) to date the Nd2-based phylogeny of newts: C2: Pleurodeles-Tylototriton split at 44 million years ago (Ma), C3: Notophthalmus-Taricha split constrained as not younger than 22 Ma, and C4: Triturus cristatus-Triturus marmoratus split at 24 Ma. Note that in our phylogeny, the order of species is (((vulgaris, italicus), helveticus), boscai) and not (((vulgaris, italicus), boscai), helveticus) as reported by Steinfartz et al. (2007) . We applied the semiparametric penalized likelihood rate smoothing method (Sanderson 2002) as implemented in r8s software with smoothing parameter S 5 40, chosen by the crossvalidation procedure, and obtained divergence times of Triturus cristatus at 43, Lissotriton boscai at 35, Lissotriton helveticus at 29, and Lissotriton italicus at 22 Ma. In the second calibration of the molecular clock, we used the rate of 1.28% sequence divergence per My as estimated for the mtDNA fragment including the Nd2 gene in salamanders by Weisrock et al. (2001) . With this calibration, we obtained considerably younger divergence times: 22 Ma for T. cristatus, 18 for L. boscai, 16 for L. helveticus, and 13 Ma for L. italicus. These two sets of estimates differ by a factor of two, and it is reasonable to assume that they represent a range of plausible hypotheses on the divergence times. Thus, we use them to derive estimates of ''slow'' and ''fast'' mutation rates, respectively. To convert times of divergence into mutation rates per year, we divided mean net sequence divergence for individual loci between L. vulgaris and the outgroup by twice the divergence time. In order to obtain the mutation rate per generation, the per year rates were multiplied by a generation time. We used the generation time of 4 years, based on the synthesis of the literature data (Bell 1977; Marnell 1998; Coga˘lniceanu and Miaud 2003; Schmidtler and Franzen 2004) . Sequences from the following outgroup species were used to calculate the mutation rate: T. cristatus: Cxcr4, Gh, Ncx1, Fib, and Pdgfr; L. helveticus: Tva4; and L. italicus: Otx2. Because no outgroup sequence for Calr was available, we assumed that it is equal to the average rate for the remaining four nuclear introns. We used the geometric mean of perlocus mutation rates to convert estimates in mutational units into real time and population sizes.
Results
MtDNA Variation, Divergence, and Structure
MtDNA sequences of 1,224 bp obtained for 205 vulgaris from 20 populations and 42 kosswigi from six populations represented 46 unique haplotypes (GenBank Accession nos: FJ588928-73). Phylogenetic analyses revealed two distinct clades with 100% BS/PP support, differing by 4.16% of net sequence divergence (Tamura-Nei distance). However, mtDNA sequences of individual newts did not always correspond with their subspecific assignment based on morphology. The larger ''vulgaris'' clade (40 haplotypes in total) included all haplotypes found in vulgaris populations and also the haplotypes from three western kosswigi populations (pops: 22, 23, and 24) ( fig. 1 ). The ''proper'' kosswigi clade comprised six haplotypes from three populations in the central and eastern part of its range. The overall haplotype diversity (h) was 0.91 ± 0.01 for the vulgaris and 0.67 ± 0.08 for the kosswigi clade. Nucleotide diversities were p 5 0.80 ± 0.03% and 0.23 ± 0.03%, respectively, and 1.72% and 0.48%, when considering only silent variation. Data for individual populations are given in supplementary table S2, Supplementary Material online. Tajima's and Fu and Li's D tests were not significant in either clade. Weak purifying selection was indicated by heterogeneity (P 5 0.04) and M-K tests (P 5 0.012). Geographic structuring of mtDNA was substantial; AMOVA performed on the entire data set divided into subspecies based on morphology indicated that most (52.3%) of variation was distributed among subspecies and among populations within subspecies (42.5%) (table 3). Also, K ST * values within vulgaris and kosswigi were high: 0.85 and 0.91, respectively. Accordingly, many haplotypes were found in a single population only, although we also observed a few widespread haplotypes. There was a significant correlation between pairwise K ST * and geographic distance in vulgaris (r 5 0.34, P , 0.001, Mantel test). Statistical analysis was not possible for the kosswigi mtDNA clade due to only three populations sampled.
Nuclear Multilocus Variation
Eight nuclear loci were sequenced for 73 individuals from 13 populations ( fig. 1 ). Sequenced fragments ranged from 423 to 747 bp (table 1; GenBank Accession nos for Tva4: FJ588119-47, for Calr FJ588052-79, for Cxcr4 FJ588080-91, for Fib FJ588030-51, for Gh FJ588912-27, for Ncx1 FJ588974-90, for Otx2 FJ588991-9006, and for Pdgfr FJ588092-118). Overall nuclear nucleotide diversity (p) in vulgaris was 0.58% (silent p 5 0.69%) and in kosswigi 1.19% (silent p 5 1.31, table 2). Silent p for protein-coding nuclear genes was 3-4.5 higher than overall p (table 1) . Data for all populations are summarized in supplementary table S2, Supplementary Material online. Population nucleotide diversities were usually lower than overall estimates: for kosswigi they constituted 54-88% of the overall diversity, in vulgaris 64-117% (excluding the European Turkey Kes xan population, where nucleotide diversity was extremely low, p 5 0.14%, only 25% of the overall value, supplementary table S2, Supplementary Material online). As could be expected, p between was higher than overall p in each subspecies, although both values were more similar in vulgaris (mean p/p between 0.97, range 0.93-1.00) than in kosswigi (mean 0.90, range: 0.79-0.99).
No haplotypes shared between subspecies were detected in any marker except Tva4 (fig. 2) . In addition to Tva4, which exhibited 27 shared polymorphisms, Fib, Ncx1, and Otx2 also showed shared polymorphisms (one each). Both maximum likelihood and Bayesian trees revealed clearly distinct clades in each subspecies at four loci: Cxcr4, Gh, Ncx1, and Otx2 ( fig. 2) . Hierarchical AMOVA revealed that the majority of variation for each locus was distributed between subspecies, with the lowest percentage of variation among populations within groups, with the exception of Tva4 in which the highest variation was found at the population level (table 3) . The geographic structuring of nuclear variation within subspecies was notably lower than in the case of mtDNA and also differed between subspecies. Mean pairwise K ST * averaged across loci was 0.24 in kosswigi and 0.14 in vulgaris (table 4) . Interestingly, when the Kes xan population was excluded from comparisons, K ST * within vulgaris dropped even further to 0.09, indicating that geographic structuring of nuclear sequence variation in the Anatolian vulgaris is not strong. Hudson's snn analysis showed the same pattern (data not shown). A pattern of isolation by distance was apparent in vulgaris (r 5 0.52, P , 0.01, Mantel test), the correlation between pairwise K ST * and geographic distance in kosswigi was also very strong (r 5 0.93), but the availability of only three populations precluded statistical testing.
Although we detected nonnegligible population structure, the robustness of the coalescent that holds in a variety of metapopulation models and concordant results obtained from the analyses of partial data sets (see below) justify the use of the IMa method.
Selection
The multilocus Tajima's D test was not significant in vulgaris (D 5 À0.5, P . 0.1, 10,000 coalescent simulations), whereas it was positive and highly significant in kosswigi (D 5 1.23, P , 0.0001). In both subspecies, variance among loci was higher than expected from the standard neutral model (in vulgaris P , 0.01, in kosswigi P , 0.05). None of the M-K or heterogeneity tests for coding nuclear loci were significant. The multilocus HKA test using all sampled sequences from both subspecies was significant (v 2 5 29.17, P , 0.01). Two kosswigi loci (Otx2 and Gh) showed low within-subspecies polymorphism and high between-subspecies divergence. The test was not statistically significant after exclusion of these loci. Altogether, we did not find unequivocal evidence for selection in our data set.
Recombination
Recombination in our data set was generally low, detected only at some loci and more often in vulgaris than in kosswigi (table 2), the difference being particularly pronounced in the composite ML recombination estimate (data not shown). The possible influence of recombination on the results of IMa and Lamarc analyses was eliminated by using maximally informative blocks of nonrecombining sequences. 
Demographic Stability
The Bayesian Lamarc growth parameter estimates were consistent between runs. The exponential growth rate estimates for vulgaris and kosswigi indicated demographic stability in the recent history of both subspecies (supplementary table S3, Supplementary Material online). No significant growth was detected in any of the partial analyses, except for vulgaris in the four-population analysis (treating the most distinct kosswigi Alemdar and vulgaris Kes xan as separate populations); g for vulgaris in this analysis was estimated at 250.0 (95% CI 29.8-844.6; confidence interval, CI); however, the 99% CI included zero (À30.5 to 924.8). The analyses without mtDNA also showed no significant changes in population size. This further supports the inference of demographic stability, validating the assumption of the IMa model.
Isolation with Migration Model
The marginal posterior density curves and maximum likelihood estimates (MLE, locations of the peaks) for all parameters are given in figure 3 and 5 -2.30 Â 10 5 ) individuals when using the fast rate. For the ancestral population size and time of divergence, flat curves of the marginal posterior densities without distinct peaks indicate that these parameters could not reliably be estimated from our data. The estimate for migration from kosswigi to vulgaris was effectively zero, whereas migration rate was substantially higher in the opposite direction: 0.115 (0.045-0.215) corresponding to 0.178 (0.070-0.332) migrants per generation. Also, the likelihood ratio tests, applied to evaluate the fit of simpler divergence scenarios nested within the full IM model, strongly rejected the model assuming no gene flow from vulgaris to kosswigi, confirming the presence of historical asymmetric gene flow (supplementary table S5, Supplementary Material online).
The numbers and times of migration events were recorded for each locus. First the analysis was run with all likelihood functions set to one to obtain the prior distribution of migration times. The prior distribution had a peak near zero and did not correspond to the shape of marginal posterior density curves of migration times. Consistent with the findings from migration rates, all inferred migration events were from vulgaris to kosswigi: two events for five loci (Nd2, Tva4, Calr, Fib, and Pdgfr) and one migration event at four remaining loci (Cxcr4, Gh, Ncx1, and Otx2) However, the signal for migration in loci with one migration event was very weak (fig. 4) . The marginal posterior densities curves summed across loci are clearly bimodal (fig. 4) . The time of the most recent migration was estimated as approximately 0.20 Ma (fast mutation rate) and 0.38 Ma (slow mutation rate). The ''older'' peak was much wider and corresponded to 1.1 to .2 Ma (fast mutation rate) and 2.1 to .4 Ma (slow mutation rate). Separate curves for each locus indicated recent migration for Nd2 and TvA4 (0.20 [0.38] and 0.5 [0.94] Ma for fast and slow mutation rates, respectively). The migration times for Nd2 (second peak) was Analyses of the full IM model failed to provide reliable estimates of the time of divergence. Therefore, two approaches were used to roughly estimate the time of divergence. First, loci with no evidence of ''recent'' gene flow (all except mtDNA and Tva4) were subjected to an IMa analysis with migrations switched off. Second, the difference between the mean sequence divergence between species and p between divided by twice the mutation rate was used as an unbiased estimate of the time of divergence (Wakeley 2000) . Both methods gave comparable estimates: With the fast mutation rate, the IM estimate was approximately 4.5 Ma, and distance method gave approximately 5 Ma. With slow mutation rate, the IM estimate was approximately 8.6 and distance 9.6 Ma. Estimates based on the mtDNA clock are somewhat lower: 3.4 and 6.1 for fast and slow, respectively.
Neither of the approaches corrects for effects of introgression; thus, both possibly underestimate the time of divergence. Nevertheless, even youngest estimates are remarkably old, placing divergence of these newts deep in the Pliocene, and an even more ancient, Miocene differentiation cannot be ruled out. Perhaps, speculation on the role of environmental factors in initiating divergence is premature, but we note that the younger divergence times agree well with the Messinian salinity crisis approximately 5.9-5.3 Ma (Krijgsman et al. 1999) , which profoundly affected the circumediterranean biota.
With an estimated time of divergence of the order of 4-5N e generations, some parts of the genome are expected to have not reached reciprocal monophyly (Edwards and Beerli 2000; Hudson and Turelli 2003) , but paraphyly or polyphyly may be a signature of gene flow as well. Two markers, mtDNA and Tva4, are particularly suggestive in this respect. Each subspecies is characterized by a distinct, highly divergent mtDNA clade, the only exception being the westernmost kosswigi populations close to the Bosphorus exhibiting haplotypes belonging to the vulgaris clade. Their limited geographic distribution close to the margin of kosswigi range is a clear signature of introgression, as previously suggested on morphological grounds (Freytag 1957) . However, the haplotypes are not identical to any of the vulgaris samples: Either mtDNA gene flow, although recent, is not ongoing or vulgaris populations that constituted the source of introgressed haplotypes have not been sampled. The Bosphorus has remained submerged for the last 5.3-7 ky (Kerey et al. 2004) , and more recently, the vast Istanbul agglomeration may have formed a barrier to the dispersal of newts.
On the other hand, the subspecies share several identical haplotypes, present in the center of the kosswigi range, in the anonymous marker Tva4. The retention of full ancestral haplotypes since the time of initial divergence is extremely unlikely, particularly with the high Tva4 mutation rate. The IM analysis suggests gene flow, however not very recent, also in the case of other markers. All available evidence converges on the asymmetric gene flow from vulgaris to kosswigi. Asymmetric introgression appears to be relatively common, as evidenced by studies using IM (Won and Hey 2005; Niemiller et al. 2008; Slotte et al. 2008) . Analysis of nested models (Hey and Nielsen 2007 ) is unambiguous in rejecting the scenario of no gene 86.4** 6.5*** 7.0*** Fib 45.7** 13.7*** 40.6*** Gh 94.8** 1.6*** 3.6*** Ncx1 78.1** 8.9*** 13.0*** Otx2 96.7*** 1.2*** 2.1*** Pdgfr 68.5** 6.9*** 24.6*** Nd2 52.3*** 42.5*** 5.1*** *P , 0.05; **P, 0.01; ***P, 0.001. flow from vulgaris to kosswigi providing statistical support to the inference of asymmetric gene flow. The distribution of migration times is bimodal, supporting both ancient and recent gene flow. The controversial possibility that initial differentiation could have occurred in the face of gene flow cannot be rejected, whereas another burst of gene exchange has occurred rather recently and might be ongoing. The most recent migration times are found in mtDNA and anonymous marker TvA4. The migration times for other loci with a strong signal of gene flow support the hypothesis that the two subspecies may have been exchanging genes even since their initial divergence. However, additional markers sampled throughout the genome would be required to test if the bimodal distribution of migration times indeed reflects two distinct periods when gene flow occurred or is the consequence of the limited number of markers employed. For example, 454 sequencing of amplified fragment length polymorphism (AFLP) fragments could provide a wealth of homologous short genomic sequences randomly distributed over the genome, which could resolve the case quantitatively. Recent studies show that continuous gene flow between diverging populations may occur over many genomic region; this phenomenon appears to be much more common than previously thought and indicates that gene flow has to be considered as an important factor in the process of speciation, particularly driven by ecological factors Won and Hey 2005; Niemiller et al. 2008; Strasburg and Rieseberg 2008) .
It may seem surprising that populations so divergent still retain the ability to exchange genes. However, development of reproductive isolation can be a prolonged process. Some parts of the genome, located in proximity to genes initially involved in reproductive isolation, begin to diverge earlier than others (Wu and Ting 2004) . These ''genomic islands of speciation'' may constitute hotspots for genome divergence while genes throughout the rest of the genome are exchanged freely between diverging populations (Turner et al. 2005; Yatabe et al. 2007) . As the divergence of genomes progresses, more and more regions become differentiated, and neutral introgression becomes difficult as negatively selected genes form a considerable barrier to gene flow even for neutral, linked fragments. However, as long as the ability to hybridize is retained and hybrids are at least partially fertile, potential for gene flow in certain genomic regions is retained (Mallet 2005) , even for tens of millions of generations (e.g., Kronforst 2008) . Hybridization between ''full'' species of newts is frequent even in situations in which taxa differ profoundly in male epigamic traits crucial in mate recognition . Judging from the generally high level of divergence between subspecies, Turkish populations of the smooth newt have already accumulated many differences, and it is possible that the gene flow is opposed by selection in many parts of their genome.
Assumptions of IM Models and the Studied System
Selection might have influenced the evolution of several of the loci sampled, as suggested by some tests; however, these may rather reflect population structure, as suggested by consistently positive Tajima's D across loci in kosswigi or lack of introgression at individual loci manifesting itself in lower than expected polymorphism relative to divergence Otx2 and Gh in kosswigi.
The deep divergence observed at the majority of the studied loci, together with clear morphological differences, indicates that each subspecies forms a distinct evolutionary unit.Comparedwiththeextentofdifferentiationbetweenkosswigi and vulgaris, genetic structuring within subspecies is of a relatively recent origin, and thus the use of separation of timescales approximation (Wakeley 1999 (Wakeley , 2004 seems justified.
Although the details of population dynamics are unknown, it is reasonable to assume that each subspecies in Turkey approximates a metapopulation, whereas there is no deep and persistent subdivision in either subspecies This notion is supported by the relatively small spatial scale (maximum distance between vulgaris populations ca. 300 km), lack of obvious barriers to dispersal, generally sufficient habitat connectivity, and the lack of deep divergence among haplotypes across the range, even in the case of the more structured mtDNA. Local breeding populations inhabit numerous, usually transient ponds. Many amphibians, particularly salamanders, form metapopulations (Marsh and Trenham 2001) .
Because separation of timescales approximation appears to hold and we are interested in the estimation of historical gene flow between subspecies, subspecies-wide growth rates and historical effective population sizes, we therefore used methods based on the standard coalescent process (e.g., Lamarc, IMa). At the same time, we tried to assess the robustness of the methods by comparing the results obtained from subsets of the data, which could be to some degree affected by population structure. These comparisons suggest that our results are reliable. However, the effect of population structure may be large in some situations; for example, it may profoundly influence the patterns of site frequency distribution and linkage, thereby invalidating tests for selection based on the standard neutral model (Wakeley and Aliacar 2001; Haddrill et al. 2005; Wright and Gaut 2005) .
The influence of population structure on polymorphism spectra, estimates of coalescent-based demographic parameters, and inferences of selection have received much interest in recent years (Wakeley 2004; Arunyawat et al. 2007; Moeller et al. 2007) , and there is a clear and urgent need for methods extracting demographic information from sequence data, explicitly dealing with moderate population subdivision. There is also much demand for a critical evaluation of the robustness of inferences made using existing methods (e.g., IM) under moderate departures from panmixia commonly observed in natural populations.
Notwithstanding possible controversies over the interpretation of the effective population sizes derived from the IM model, estimates of the relative amount, time, and direction of migration between two forms should not be severely affected by moderate population structure (Peters et al. 2007; Niemiller et al. 2008) . Therefore, we regard our inferences on the patterns of gene flow between Turkish vulgaris and kosswigi as robust.
Nucleotide Variation
Overall, silent nuclear nucleotide diversity was almost two times higher in kosswigi than in vulgaris (1.31% vs. 0.69%); the pattern was also apparent at the population level and may reflect asymmetric introgression of alleles from vulgaris to kosswigi. Nucleotide diversity in the smooth newt in Turkey is high, much higher than observed in humans (Reich et al. 2002) or other hominoids (Thalmann et al. 2007 ) and comparable with that seen in Drosophila (Aquadro et al. 2001 ) and other invertebrates (Lynch 2006) , although lower than in many outcrossing plants (Wright and Gaut 2005; Arunyawat et al. 2007) . Local populations harbor a substantial fraction of the overall diversity found in each subspecies, consistent with migration rates sufficient to distribute variation emerging via mutation over the subspecies range.
It would be useful to compare our results at the level of nucleotide variation with data from other amphibians. Unfortunately, there is very little information on multilocus nuclear sequence variation in this group. The only study to date found a mean p 5 0.28% for eight nuclear genes from a large sample of Ambystoma ordinarium (Weisrock et al. 2006) . Other studies, examining mainly tropical frogs, usually used only a single nuclear locus (Crawford 2003) and/or focused on phylogeographic patterns rather than on levels of nucleotide diversity (Carnaval and Bates 2007; Fouquet et al. 2007) . It is worth noting however that these studies inferred very high local population sizes in tropical anurans. The mtDNA nucleotide diversity is within the 
History of Newt Populations in the Turkish Refugium
High nucleotide variation, substantial mtDNA structuring and the apparent isolation by distance point to the long-term survival and large effective population sizes of smooth newts in western Turkey and support the conclusions of Babik et al. (2005) who located glacial refugia of the smooth newt in this area.
Numerous studies highlight the importance of Anatolia as a Pleistocene glacial refugium. High genetic diversity and basal clades have been repeatedly found there both in plants (Heuertz et al. 2006 ) and animals (Dubey et al. 2006) , in agreement with climatic reconstructions (Hayes et al. 2005) .
Populations in refugial areas often have long and complex histories (Gómez and Lunt 2006) , and they frequently show high levels of genetic diversity reflecting large historical effective population sizes (Lessa et al. 2003 ). In contrast, populations from expansion areas often exhibit signatures of recent bottlenecks followed by strong demographic growth (Lessa et al. 2003; Hewitt 2004) . The lack of significant demographic growth is well supported by the Lamarc analyses with concordant results across several data sets including different populations and markers. The negative (although not significantly different from zero) growth estimate from Lamarc together with highly positive Tajima's D values, both overall and in local populations, may even indicate a recent demographic contraction in kosswigi populations.
The apparent demographic stability and large longterm N e are in line with the view that southern peninsulas in many cases constituted centers of endemism and biodiversity hotspots rather than sources of populations colonizing deglaciated areas (Bilton et al. 1998 ). In the case of the smooth newt, much of the vast postglacial range was colonized by lineages from the northern Balkans and Central Europe (Babik et al. 2005) .
Conclusions
Our multilocus analysis of divergence population genetics of two subspecies of the smooth newt inhabiting Turkey has shown high nucleotide diversity implying large effective population sizes and suggested long-term demographic stability of both forms. Unidirectional gene flow from vulgaris to kosswigi has been occurring for a remarkable period of time, on the order of a million generations, possibly since their initial pre-Pleistocene divergence. The distribution of migration times does not allow to reject the hypothesis that the initial divergence may have occurred in the presence of gene flow, creating exciting prospect for future research. Our results point to the importance of divergence with gene flow as a general and apparently widespread mode of divergence.
Supplementary Material
Supplementary tables S1-S5 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
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